The cysteinyl residue at the active site of L-methionine -lyase from Pseudomonas putida (MGL Pp) is highly conserved among the heterologous MGLs. To determine the role of Cys116, we constructed 19 variants of C116X MGL Pp by saturation mutagenesis. The Cys116 mutants possessed little catalytic activity, while their affinity for each substrate was almost the same as that of the wild type. Especially, the C116S, C116A, and C116H variants composed active site catalytic function as measured by the kinetic parameter k cat toward L-methionine. Furthermore, the mutagenesis of Cys116 also affected the substrate specificity of MGL Pp at the active center. Substitution of Cys116 for His led to a marked increase in activity toward L-cysteine and a decrease in that toward L-methionine. Propargylglycine inactivated the WT MGL, C116S, and C116A mutants. Based on these results, we postulate that Cys116 plays an important role in the -elimination reaction of L-methionine and in substrate recognition in the MGLs.
The cysteinyl residue at the active site of L-methionine -lyase from Pseudomonas putida (MGL Pp) is highly conserved among the heterologous MGLs. To determine the role of Cys116, we constructed 19 variants of C116X MGL Pp by saturation mutagenesis. The Cys116 mutants possessed little catalytic activity, while their affinity for each substrate was almost the same as that of the wild type. Especially, the C116S, C116A, and C116H variants composed active site catalytic function as measured by the kinetic parameter k cat toward L-methionine. Furthermore, the mutagenesis of Cys116 also affected the substrate specificity of MGL Pp at the active center. Substitution of Cys116 for His led to a marked increase in activity toward L-cysteine and a decrease in that toward L-methionine. Propargylglycine inactivated the WT MGL, C116S, and C116A mutants. Based on these results, we postulate that Cys116 plays an important role in the -elimination reaction of L-methionine and in substrate recognition in the MGLs.
Key words: L-methionine -lyase; pyridoxal 5 0 -phosphate; saturation mutagenesis L-Methionine -lyase from Pseudomonas putida (EC 4.4.1.11, MGL Pp) is a homotetrameric pyridoxal 5 0 -phosphate (PLP) enzyme that belongs to the -family. This enzyme catalyzes the ,-elimination andreplacement of L-methionine and its analogs, the ,-elimination and -replacement of L-cysteine and its analogs, and the deamination and -addition reactions of L-vinylglycine.
1) The typical catalysis of this enzyme, the ,-elimination of L-methionine, yields an equimolar amount of ammonia, -ketobutyrate, and methanethiol: CH 3 SCH 2 CH 2 CH(NH 2 )COOH + H 2 O ! CH 3 SH + -ketobutyrate + NH 3 . L-Methionine -lyase has been detected in a few organisms such as P. putida, 1) Aeromonas sp., 2) Citrobacter freundii, 3) Brevibacterium linens, 4) Porphyromonas gingivalis, 5) Treponema denticola, 6) protozoan Trichomonas vaginalis, and Entamoeba histolytica, 7, 8) and the plant Arabidopsis thaliana.
9)
The elevated methionine requirement for cell growth has been found to be present in the majority of cancer cells in contrast with normal cells. 10, 11) There have been several therapeutic strategies developed to target the methionine dependence of tumor cells. The recombinant MGL protein, cloned from P. putida and produced in Escherichia coli, 12) has been demonstrated to have an antitumor efficacy in vitro and in vivo. 13) Hence, elucidation of the catalytic mechanism is important in designing an active antitumor drug.
Biochemical and structural studies of MGL from various sources have implicated several amino acid residues, such as Tyr114 and Cys116, in the catalytic mechanism of the enzyme (numbered according to the structure of MGL Pp). [14] [15] [16] [17] [18] [19] Recently, the 3D structure of MGL Pp has been solved. It revealed a cluster of six residues, Tyr59 Ã , Arg61 Ã , Tyr114, Cys116, Lys240 Ã , and Asp241
Ã (the asterisks indicate residues from the second subunit of the active dimer) in the vicinity of the substrate recognition space, close to the PLP cofactor. 20) These residues are connected by a network of hydrogen bonds at the active site and they contribute to the active center, which lies at the subunit domain interface.
Tyrosine 114 is conserved in the transsulfuration enzymes of the -family at the active center. This residue is highly conserved in all MGLs, and the role of Tyr114 as a general acid catalyst of -elimination for L-methionine was discovered by Inoue et al. 19) The equivalent cysteine residue was not conserved in other -family enzymes, except for the heterologous MGLs, which contain the consensus sequence (YGCT) (Fig. 1) . The MGL from Brevibacterium linens (MGL Bl), which has a longer amino acid sequence, does not have the cysteinyl residue at position 107. The properties of MGL Bl, such as substrate specificity and enzyme inhibition, are similar to the other MGL enzymes. 4, 21) However, the ,-elimination activity on L-methionine of MGL Bl, which has a 6-fold higher K m than MGL Pp, is lower than the other MGL enzymes, suggesting the role of the cysteine residue at the active site.
Since methionine catabolism is restricted to microorganisms and protists, there has been significant interest in developing specific inhibitors of MGL in this pathway as potential drugs. 8, 22, 23) Acetylenic substrate analogs have been exploited as inhibitors of PLPdependent enzymes, a herbicidal example being Lpropargylglycine, a suicide inhibitor of cystathionine -synthase and L-methionine -lyase. 15) Inactivation mechanism studies of MGL Pp by suicide substrates, such as L-propargylglycine and 2-amino-4-chloro-5-(pnitrophenylsulfinyl)pentanoic acid, have suggested that a cysteine residue is located at the active site in the enzyme and functions as a nucleophilic residue. 15, 24) Cyanylation with 2-nitro-5-thiocyanobenzoic acid and specific labeling with N-(bromoacetyl)pyridoxamine phosphate also suggested the catalytic importance of this reactive cysteine residue. 16, 25) In this study, to probe the catalytic role of Cys116, we first prepared C116X MGL Pp by saturation mutagenesis and examined the substrate preference of the wildtype and 19 variants of C116X MGL with cell-free extract. Next, the kinetic parameters with L-methionine, DL-homocysteine, and L-cysteine were determined with the purified wild type and some C116X mutants. Finally, we examined the inactivation of the MGL Pp variants by L-propargylglycine in order to determine the function of the cysteine residue during catalysis. An analysis of the results suggested that Cys116 plays a crucial role in substrate recognition and is not directly involved in catalysis, which is consistent with the results obtained for T. vaginalis. 26) Furthermore, a novel elimination activity was identified by the substituition of cysteine 116 for histidine.
Materials and Methods
Materials. L-Methionine, L-ethionine, L-cysteine, and O-phospho-L-serine were purchased from Nacalai Tesque (Kyoto, Japan) and DL- 
-chloro-L-alanine, and DLpropargylglycine were from Sigma (Tokyo, Japan). Kurimover I was purchased from Kurita (Techno Research Center, Tokyo). All other chemicals used in this study were of analytical reagent grade or the highest grade commercially available.
Saturation mutagenesis. The mutant forms of MGL Pp were made on wild-type construct pMGL1204, 27) using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA). The kit employs double-stranded DNA as a template, two complementary oligonucleotide primers containing a degenerate codon (NNN; N = A, T, G, or C) at position Cys116, which was constructed by Proligo Japan (Tokyo), as follows: sense primer, 5 0 -CCCTGTACG-GCNNNACCTTTGCCTTCCTGC-3 0 , antisense primer, 5 0 -GCAGGAAGGCAAAGGTNNNGCCGTACAGGG-3 0 , and Dpn I endonucleases to digest the parental DNA template. The nucleotides in italics indicate the introduced mutations. The reaction mixture was used to transform competent Escherichia coli HB101. DNA sequencing, using an ABI prism automated DNA sequencer (Applied Biosystems, Tokyo), confirmed the presence of the mutation, and that no other mutations were present.
Expression and purification of recombinant MGL. To express the recombinant wild-type and mutant MGL Pp, pMGL1204 was transformed into E. coli HB101. The transformants were grown in 5 ml of LB medium containing 10 mg/ml, tetracycline hydrochloride (pH 7.0) at 37 C for 14 h with shaking. The culture broth was transferred to 1.6 liter of fermentation medium (1.2% bacto tryptone, 2.4% bacto yeast extract, 2.0% glycerol, 1.25% K 2 HPO 4 , 0.23% KH 2 PO 4 , 0.05% polypropylene glycol no. 2000, and 10 mg/ml, tetracycline hydrochloride, pH 7.4) and cultivated at 28 C for 18 h with shaking. For expression of the recombinant MGL Pp, isopropyl--D-thiogalactopyranoside was added at a final concentration of 1 mM after cultivation for 4 h. The concentrated cell suspension was diluted with 50 mM potassium phosphate buffer (pH 7.2) containing 1 mM EDTA, 0.5 mM PLP, 0.01% dithiothreitol, and 1 mM PMSF. The cells were disrupted with an insonator 201M homogenizer (Kubota, Tokyo).
The wild-type and mutant enzymes were purified by the method of Takakura et al. 28) To remove endotoxin and nucleic acids, the solution Kurimover I (Kurita, Tokyo, Japan) was added to the lysate at a final concentration of 2.0 mg/ml and gently stirred for 2 h at room temperature, and then centrifuged (20;000 Â g, 30 min, 15 C). The pH of the supernatant was adjusted to 7.2 with KOH. After PEG6000 was added to the enzyme solution at a final concentration of 8.0%, the turbid materials were removed by centrifugation (20;000 Â g, 20 min, 15 C). Potassium phosphate buffer (20 mM, pH 7.2) containing 1 mM EDTA, 0.5 mM PLP, and 0.01% DTT was added to the supernatant. To carry out crystallization, ammonium sulfate was added to the solution at a final concentration of 3.6%, and then sodium chloride and PEG6000 were added at final concentrations, of 0.2 M and 9.0% respectively, with mild agitation at room temperature. After incubation for 1 h, the solution was cooled and maintained at 4 C overnight with mild agitation. The crystals were then collected by centrifugation (20;000 Â g, 30 min, 15 C). They were solubilized with 20 mM potassium phosphate buffer (pH 7.2) containing 1 mM EDTA, 0.5 mM PLP, and 0.01% DTT at room temperature, and then the insoluble impurities were removed by centrifugation (20;000 Â g, 30 min, 15 C). The supernatant was dialyzed against 20 mM potassium phosphate buffer (pH 7.2) containing 0.1 mM PLP for 14 h. The precipitate was removed by centrifugation.
The enzyme solution was applied to a DEAEToyopearl 650M column (Tosoh, Tokyo), 29) a Sephacryl S-200 HR gel filtration column (Amersham Biosciences, Tokyo) as previously described.
28) The purity of the enzyme was measured by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) under denaturing conditions by the method of Laemmli.
30)
Protein concentration. The concentrations of the wild-type and mutant forms of MGL Pp were determined by the Bradford method using bovine serum albumin as the standard protein. 31) Enzyme assay. The enzymatic ,-elimination activity of the recombinant MGL for L-methionine was determined by a previously described method. 27) For the other substrates, the elimination reactions were routinely followed by the determination of -ketobutyrate and pyruvate using 3-methyl-2-benzothiazolone hydrazone hydrochloride, as previously described. 32) One unit of the ,-elimination and the ,-elimination reaction activity was defined as the amount of recombinant MGL that produced 1 mmol of -ketobutyrate and pyruvate per min at an infinite concentration of each substrate at 37 C. The specific activity was presented as the enzyme activity in units per milligram the protein.
To determine the kinetic parameters of the catalytic activities using purified enzymes, the assays were performed as indicated above using fixed amounts of the enzyme in the presence of exogenous PLP (10 mM for the wild type and mutant), in which the substrate concentration was varied from 0.5 to 25 mM and from 0.4 to 5 mM for the ,-elimination of L-methionine and DL-homocysteine and the ,-elimination of L-cysteine respectively. The experimental data were fit to the Michaelis-Menten equation to determine the K m and k cat values.
Reaction with propargylglycine. The time-course of inactivation was determined basically by the method of Johnston et al. 15) At time zero, enzymes were added to a solution containing an appropriate concentration of propargylglycine in 100 mM KPB (pH 8.0) containing 10 mM PLP at 37 C. Aliquots (usually 50 ml) were then removed at intervals and assayed for remaining enzymatic activity by dilution to a 1.0-ml solution of the appropriate standard assay mixture (see above).
Results

Effects of mutations on substrate specificity
The three-dimensional structure of MGL Pp suggests that Cys116 is involved in the hydrogen bond network at the active site. 20) However, Cys116 is not generally conserved in other -family enzymes (Fig. 1) . To determine the role of the Cys116 residue in the elimination reaction, we constructed C116X MGL variants by saturation mutagenesis using overexpression plasmid pMGL1204 to produce the mutant enzymes. The Cys116 mutant proteins constructed in the present study were efficiently expressed in E. coli as soluble proteins. The production of the 19 mutants and the wild type was confirmed by SDS-PAGE to be a nearly equal expression (data not shown).
The elimination activities of the mutated enzymes on three substrates (L-methionine, DL-homocysteine, and Lcysteine) were determined by the production of -keto acids. Substitution of Cys116 changed the catalytic activities toward each substrate (Fig. 2) . In the elimination of -ketobutyrate from L-methionine, substitution of Cys116 of MGL Pp led to suppression of theelimination activity by the mutation (Fig. 2A) . As compared with the WT MGL Pp, all mutants were found to be inactivated more than 3-fold lower toward L-methionine. This appears to have been due to an electrostatic environmental change around the side chain of L-methionine induced by the mutation. 33) Furthermore, all mutants decreased in activity on DL-homocysteine (Fig. 2B) . The activities of C116G toward all substrates were lower than those of WT or trichomonad rMGL1(C113G). These results correlate well with those previously reported for T. vaginalis MGL. 26) A significant effect of the mutation was observed during the -elimination of L-cysteine (Fig. 2C) . Theelimination activity toward L-cysteine increased in six MGL variants. In particular, the His mutant (C116H) showed 15-fold higher activity than WT. Although the above-mentioned activity was lower than that toward L-methionine, the difference in the elimination activities toward hydrophilic substrates (DL-homocysteine and L-cysteine) among the MGL variants was much higher than toward L-methionine. Interestingly, the C116H mutant exhibited higher activity on the -elimination substrates (S-methyl-L-cysteine, S-ethyl-L-cysteine, Oacetyl-L-serine, and -chloro-L-alanine) than the wildtype enzyme (Fig. 3) . Neither WT nor C116H mutant exhibited activity toward O-phospho-L-serine. These results suggest that the C116H mutant gained a novelelimination activity. Dynamic alteration of the substrate specificity may have been caused by a change in the electrostatic interaction of the residue positioned at 116.
Kinetic study
Comparative kinetic analyses of the wild type, C116S, C116A, and C116H with respect to the catabolism of L-methionine, DL-homocysteine, and L-cysteine were ). Accordingly, the mutation upon the -elimination of L-cysteine mostly affected k cat (19-fold higher than WT), but not K m . Furthermore, C116H also showed a marked decrease in catalytic activity toward L-methionine, indicating that the change in the environment at the substrate binding site strongly affected catalytic activity rather than substrate binding. To the best of our knowledge, L-cysteine was also cleaved by cystalysin (K m ¼ 0:63 mM, k cat ¼ 11:4 s À1 ), a PLP-dependent enzyme that functions as a cysteine desulfhydrylase. 34) The replacement by histidine in MGL Pp led to a C116H mutant with a 4-fold higher catalytic efficiency than cystalysin.
Inactivation by propargylglycine
In our mechanistic studies of Cys116, we investigated the suicide inhibition of this enzyme by the acetylenic amino acid L-propargylglycine, a time-dependent irreversible inactivator of L-methionine -lyase. The irreversible inactivation of MGL by L-propargylglycine has been studied, and the following mechanism was proposed: abstraction of a -proton leads to an allene that is capable of Michael addition to an enzyme active site nucleophile. 15) Semilog plots of the specific activity toward L-methionine vs. time are given in Fig. 4 . Therefore, the very fast inactivation of WT MGL by L-propargylglycine is not surprising, since the covalent coupling takes place at the -carbon, i.e., the site where MGL attacks the physiological L-methionine substrate. The C116A and C116S mutants were gradually inactivated as well as WT. Since the C116H mutant has basically no activity as to L-methionine, no effect was exhibited by L-propargylglycine. In addition, WT and the C116H mutant did not utilize L-propargylglycine as a substrate (data not shown).
Discussion
MGL Pp is related in fold to other PLP enzymes of the fold-type I class, viz., cystathionine -lyase (CBL) and cystathionine -synthase (CGS). 35, 36) The active site is located in a cleft formed between the two domains at the dimer interface, and similar conformations, have been found in all -family enzymes of the fold-type I PLP-dependent enzymes (Fig. 5) . 17, [37] [38] [39] The active center into the cavity at the dimer surface in MGL Pp is very similar to that of Citrobacter freundii MGL. 18) Most of the residues in the active site are strongly conserved among the heterologous MGLs. Relatedfamily enzymes show basically similar interaction hydrogen bond networks around the PLP cofactor (Fig. 5D) . The homotetrameric enzymes CBL and CGS are closely related in their overall structures as well as in the arrangement of several active site residues. The substrates of these enzymes are L-homoserine derivatives and L-cystathionine, which have charged side-chains, but the composing amino acid residues at the active site in MGL are different (Fig. 1) . 17) Consequently, amino acid residues at the active site of each enzyme must be involved in substrate recognition and catalysis. The crystal structure of MGL Pp has led to the hypothesis that Cys116 helps in positioning Tyr114 for optimal catalysis.
20) The cysteinyl residue is not conserved in other -family enzymes (Fig. 1) . It is suggested that the cysteine residue at the active site is required for effective breakdown of the hydrophobic amino acid L-methionine.
In MGL Pp, Cys116 presents an opportunity to probe the environment of the active site around Tyr114. It appears to play a role in governing the catalytic rate, which was reflected by the effects on the specific activity and k cat of the MGL variants. The mutation of this cysteine residue in MGL Pp reduced ,-elimination activity, the breakdown of L-methionine by more than 75% and DL-homocysteine by more than 50%. However, surprisingly, the activity of some mutated enzymes toward L-cysteine was dramatically increased. These data confirm the importance of this cysteine residue to substrate specificity and correlate with the data obtained for trichomonad MGL.
26) The reductions in k cat for C116S, C116A, and C116H provide support for the idea of constructing a significant network, and indicate that Cys116 was important in effective catalysis toward Lmethionine. 20) The cysteine residue is the appropriate connector at position 116 that ties the stable active site, maintaining optimal contact with the substrate and correct alignment of the catalytic register.
Catalytically, the most interesting mutant is C116H, which showed an increase in k cat toward L-cysteine despite the potential introduction of an additional charge into the active site (Table 1) . A change in the substrate specificity of the His mutant enzyme for the natural substrate also suggests that the cysteine residue of the WT is probably important in binding the physiological substrate. C116H showed a marked decrease in Lmethionine breakdown. Interestingly, this mutant had a higher activity than WT on the ,-elimination of L-cysteine, its derivatives, O-acetyl-L-serine, andchloro-L-alanine (Fig. 3) . In contrast, the Lys and Arg mutants had little activity toward L-cysteine (Fig. 2C) . The side group of lysine and arginine is a much stronger base than the imidazole ring of histidine. Thus, although WT showed optimal activity toward L-cysteine at pH 10.0, the C116H mutant was optimally active at pH 8.0 toward the same substrate (data not shown). These results indicate that the elimination reaction might be activated by the positive charge of the His side chain, thereby increasing the potency of the hydrogen bond network. We wish to examine the role of the histidine residue at the active center related to the ,-and ,-eliminations in the C116H mutant. It is not possible to make reliable statements as to the structural determinants that are responsible for this peculiar enzymatic The multiple inactivation experiments were followed over time and monitored for loss of the catalytic activity of the wild type ( ), C116S ( ), C116A ( ), and C116H (Â) to L-methionine with Lpropargylglycine. The reaction conditions are described in the text.
activity. Hence determination of the crystal structure of this His mutant is of great interest.
The inactivation profile displayed the sensitivity of WT, C116S, C116A, and C116H to L-propargylglycine, a mechanism-based inactivator (Fig. 4) . The observation that the Ser and Ala mutants were inactivated, like WT MGL Pp, suggests that the cysteine residue is not directly involved in the -elimination reaction of Lmethionine, supporting a chemical modification study. 16) We have extended our previous studies on the catalytic properties with 19 variants of C116X MGL and the wild-type enzyme. It is thought that during catalysis, Cys116 can interact with the acidic catalyst Tyr114. Because of the decrease in nucleophilicity at position Cys116 due to mutation, the ,-elimination activity was remarkably suppressed (Fig. 2, Table 1 ). In trichomonad MGL (MGL Tv), a tilt of Cys113 might occur with L-propargylglycine, resulting in access to Tyr111 (PDB codes 1E5F and 1E5E), by which the enzyme is inactivated with irreversible linkage between Tyr111 and L-propargylglycine on PLP. There is no significant change in the PLP-Tyr111 backbone geometry upon the binding of L-propargylglycine. In contrast, the thiol group of Cys113 moves toward the phenol ring of Tyr111 by 0.5 Å . The amino group of Lys238 Ã is shifted 0.4 Å toward the thiol group of Cys113. The side chains of Lys238 Ã , Met234 Ã , and Leu59 Ã , which are involved in the formation of the substrate entrance on the dimer interface, contribute to hydrophobic interactions with each other (Fig. 5) (Fig. 5B, D) . These slight movements of this flexible region, including Cys113, surrounding the entrance to the catalytic site might be important in substrate recognition and binding.
Inspection of the crystal structure of cystathioninesynthase from Nicotiana tabacum (CGS Nt) in complex with the inhibitor DL-E-2-amino-5-phosphono-3-pentenoic acid (APPA), a reversible competitive compound These figures were produced using PyMOL. 40) mimicking the substrate L-homoserine phosphate of CGS Nt, revealed that the large conformational changes in Tyr163 and Lys261 upon the binding of APPA at the active site are important in catalysis (PDB code 1I41). 39) The PLP cofactor was tilted, with no change in the position of the PLP phosphate group, and the pyridine ring moved toward Tyr163. The tilt of this residue led to a 2.7 Å movement of its hydroxyl group. This group moved toward C of APPA and the side chain of Lys165, which formed a salt-bridge toward the terminal phosphate group of the substrate, L-homoserine phosphate. The amino group of Lys165 was rotated 1.7 Å toward the phosphate group of the inhibitor and was close to the side chain of Tyr163. These tilts appear to be energetically acceptable only if the PLP cofactor follows the movement by transaldimination.
To date it has not been determined whether the Tyr114 in MGL Pp is a general acid catalyst facilitating -elimination. In this study, we also found that the C116X mutants had 0.3-7.0% of the k cat values of WT (Table 1) . These results lead to the hypothesis that in MGL Pp in complex with the substrate, Tyr114 and Cys116 strengthen the electrostatic interaction, including Arg61
Ã from the opposite subunit, and that the special position of Cys116 lowers the pK a of Tyr114-OH, suggesting that the tilt of Tyr114, Cys116, Lys211, and PLP cofactor upon binding substrate are important for effective catalysis. 38) The fact that the reactive cysteinyl residue at the active site has been conserved in evolution as one of the components of the C-S cleavage for -elimination suggests that it must play an important role in the release of the hydrophobic chemical group, methanethiol, and that it has not been conserved in otherfamily enzymes for degrading L-homoserine derivatives.
Mutational analysis of Cys116 at the active site of MGL Pp has provided a valuable prediction regarding the catalysis of the PLP dependent elimination reaction. We believe that this information is important for understanding the hydrogen bonding at the substrate binding site of this -family enzyme. Among the heterologous MGLs, Cys116 appears to be conserved because of its essential role in effective catalysis for the breakdown of L-methionine, ensuring optimal diffusion into the active site. Further studies are required to determine the reason for the remarkable conservation of Cys116, Lys240
Ã , and Asp241 Ã at the active site of heterologous MGLs, which might shed light on the molecular basis of the enzyme and its substrate specificities.
